A nearly exact, nonparametric treatment is devised to allow calculation of the transient and steady-state acoustic spectra of a flue organ pipe, given the geometry of its construction and the pressure variation in its foot. Explicit formulation is given for the fundamental and the first and second upper partials. A scaling law is set out, relating the behavior of pipes of different fundamental frequencies, and several illustrative calculations are performed. Comparison between theory and experiment for a limited number of cases shows satisfactory agreement in semiquantitative terms but indicates that a more careful treatment of air jet behavior is required at low jet velocities.
INTRODUCTION
The theory of sound generation in organ pipes has been studied previously by many authors, most notably by Cremer and Ising • and by Coltman, 2 but these treatments have dealt almost exclusively with the determination of sounding frequency and fundamental amplitude, rather than with harmonic development. The basis of an approach to calculation of harmonic development was set out by Benade and Gens a and applied to a reed-driven pipe by Worman. 4
Application of these ideas to a theoretical treatment of the acoustic spectrum of flue pipes in both the steady state and during the onset transient has been made in two papers by the present author 5'6 which treat some parts of the problem with reasonable exactitude but rely upon a parametric description of other aspects. The presence of these adjustable parameters in the theory makes quantitative comparison with experiment impossible but the theory does predict behavior in good qualitative agreement with observation. For this reason it is of interest to develop it further into a fully quantitative treatment, and this is the objective of the present paper.
Those parts of the original treatment which were treated parametrically concerned the interaction of the acoustic disturbances in the pipe with the air jet, propagation of the effects of these disturbances along the jet, and interaction of the jet with the air column at the pipe lip. None of these matters is yet fully understood but the work which has been done since the time of Rayleigh ?-n now allows at least a good semiquantitative treatment of the disturbahce of the jet that is free from arbitrary parameters. A recent discussion by Elder xa of the interaction between a modulated jet and a resonant column, when modified in some minor but important ways, •a similarly allows this part of the problem to be treated realistically.
Finally a more detailed consideration of the mathematical part of the development allows us to remove a limitation to small transverse jet displacements which was implicit in the earlier treatments.
I. GENERAL APPROACH
Following Cremer and Ising • and our own originat approach s'6 we consider the problem in three parts: The pipe as a passive linear oscillatory system having normal modes at angular frequencies n t that are not generally in precise harmonic relation, the air jet along which disturbances propagate and are amplified in an approximately linear manner, and the highly nonlinear coupling between these two systems.
We suppose that the acoustic displacement in the pipe body has the form 
x(t) = • xt(t) = • at sin(cqt +/•t) ,

Eider. 12,13
Finally we shall express the problem as a set of coupled nonlinear differential equations which we recognize as related to the Van der Pol equation o'x4 and which we solve by the method of slowly varying parameters.
It turns out that the numerical integration of these equations, as well as giving information about the transient behavior of the pipe, is also rather more economical of computing time than is the direct solution of the steadystate problem. For ready reference an outline of this solution method is given in the Appendix.
II. THE DISTURBED JET
In our earlier discussion of this topic, the jet was given little detailed consideration but was treated parametrically.
The problem of the acoustically disturbed jet does not appear to have yet been completely solved but we can make some progress. 
Rayleigh
and the value of a is 3. 15. Because of the uncertainty surrounding this approximation, however, we will retain a as a parameter in our theory, specifying only that it is probably of order of magnitude unity. We note again that, in view of (6), • is constant along the jet.
One further modification is required to this exponential growth law for disturbances on the jet, and this arises from the fact that both Rayleigh and Savie assume that the amplitude of the displacement is small compared both with the thickness of the jet and the disturbance wavelength. When the first condition is violated the growth law probably tends to linear rather than exponential behavior, while violation of the second condition may lead to the formation of a vortex street. It is quite straightforward to include a transition to linear growth in the numerical solution of particular eases, and we shall assume that the production of vortices has little effect on the pipe behavior if they are entirely inside or outside the pipe lip. 
is the impedance of pipe and mouth in series.
The right-hand side of (20) 
IV. THE NONLINEAR JET CHARACTERISTIC
In the development followed in our earlier papers s'o it was assumed that the jet was deflected into or out of the pipe lip by less than about twice its own width so that the exponential in an expression rather similar to If we substitute (14) 
V. PIPE-MODE EQUATIONS
The basic oscillation equation (21), which expresses the coupling between the nonlinear jet system and the pipe modes can be rewritten as YQj/S = r,r(t) /s,, 
where p is the density of air. This steady input power, after conversion to acoustic power in the pipe, is radiated nearly equally from the open end and the mouth. Our measurement microphone, however, was shielded from mouth radiation so that the measured radiated power has a maximum possible value of II/2.
Sound radiation from the pipe end, which is much les.
• than one wavelength in dimension, is nearly isotropic, so that the maximum possible acoustic intensity (or The result of these measurements are shown in Fig.  l(b)-4(b) alongside the relevant calculated curves. 
Xll. CONCLUSIONS
This attempt to formulate a complete description of flue pipe behavior has proved only partly successful but has served to show up the areas of most critical inadequacy in our knowledge. It is not surprising to find that these are associated primarily with the behavior of the acoustically disturbed jet, which is the most complex component of the system. More specifically we find that the descriptions of wave motion on the jet given by Rayleigh and by Savic appear to be inadequate, particularly for low stream velocites and low frequencies, for the particular magnitudes of other physical parameters encountered in organ pipes. We further note that the jet propagation is almost certainly very nonlinear once the disturbance amplitude exceeds the jet thickness and even more so when it approaches the disturbance wavelength. We have had to neglect or at least approximate both of these effects, but it seems that they may be important for a full understanding of mode stabilization in the overblown region and of the whole behavior in the underblown region. 
